Background-We previously described a strong association between fibromuscular dysplasia (FMD) and spontaneous coronary artery dissection. Angiographic manifestations of coronary FMD aside from dissection were considered rare. However, we observed several coronary FMD angiographic abnormalities with corresponding optical coherence tomography abnormalities.
T he first case report of fibromuscular dysplasia (FMD) was published in 1938 by Leadbetter and Burkland, 1 who described a 5.5-year-old boy with renovascular hypertension caused by an intra-arterial smooth muscle mass. It was another 3 decades before the angiographic, pathological, and clinical manifestations of this systemic arteriopathy became more widely known and described. 2, 3 Although conventional FMD diagnosis was based on histopathological classification according to the arterial layers affected (ie, medial fibroplasia, medial hyperplasia, perimedial fibroplasia, intimal fibroplasia, adventitial fibroplasia), 4 the most recent scientific statement from the American Heart Association proposed an angiographic classification for practical reasons 5 because contemporary diagnosis of FMD is almost universally based on angiography. The simplified classification of multifocal (string-of-beads appearance) or focal (smooth stenosis regardless of lesion length) FMD is clinically useful and now widely adopted.
Clinical Perspective on p 1559
FMD is a noninflammatory, nonatherosclerotic arteriopathy that can affect virtually any vascular bed but has been reported to most commonly affect the renal and extracranial carotid and vertebral arteries. 6 Involvement of the coronary arteries by FMD is believed to be rare and has been reported only in case reports and small series to date. 7 In 2011, we discovered a strong association between FMD and spontaneous coronary artery dissection (SCAD) in our first case series describing this dominant association. 8 Subsequently, in our larger SCAD cohort that was prospectively followed up, we found FMD to be present in 72% to 86% of patients with SCAD routinely screened for FMD in multiple vascular territories. 9, 10 Given that SCAD and FMD are deemed relatively rare, this strong association implicates causality of SCAD owing to underlying coronary FMD (CFMD). This mechanism is plausible because arteries affected by FMD are structurally weakened and prone to dissection. Indeed, 3 histopathological case reports were published implicating that CFMD causes SCAD. [11] [12] [13] However, the angiographic manifestation of CFMD is elusive and not well described. A recent attempt to describe CFMD angiographic features mostly reiterated the appearance of overlying SCAD. 7 Because there are many potential causes of SCAD besides CFMD, the presence of SCAD is not synonymous with CFMD.
The angiographic appearance of CFMD in nondissected coronary arteries is reported to be rare and had not been previously studied. Because Vancouver General Hospital is a quaternary referral center for SCAD, a relatively large volume of patients with SCAD and FMD are seen at our cardiac catheterization laboratory. We observed several angiographic abnormalities in nondissected portions of the coronary tree in patients with extracoronary FMD, which we believe to represent CFMD because these features are similar to FMD changes observed in extracoronary beds. We sought to describe and classify these abnormal coronary angiographic appearances of CFMD and to provide the underlying optical coherence tomography (OCT) findings.
Methods
We performed a retrospective chart and angiographic review of patients with documented FMD in at least 1 extracoronary vascular bed and angiographic nonatherosclerotic coronary artery abnormalities that were suspected to be attributable to CFMD. This cohort included patients who underwent coronary angiography at Vancouver General Hospital for stable symptoms or acute coronary syndrome. We searched for the term FMD in our cardiac catheterization database and our SCAD registries over a 5-year period. These coronary angiograms were reviewed for nonatherosclerotic abnormalities in areas of the coronary tree not affected by SCAD. Patients who presented with SCAD may be included; however, the dissected arterial segments were excluded from the analysis of CFMD to enable us to identify coronary changes of FMD without overlying dissection (ie, nondissected segments in the same or different coronary artery may be included). Patients thought to have atherosclerotic stenosis >30% on coronary angiography were excluded. The presence of multifocal FMD on noninvasive angiography (computed tomographic or magnetic resonance angiography) or catheter angiography in ≥1 extracoronary vascular beds was required for the diagnosis of FMD. The baseline demographics, hospitalization details, angiographic images, noninvasive angiographic images, and in-hospital cardiovascular events were reviewed in detail from hospital charts. This study was approved by the University of British Columbia Research Ethics Board.
The angiographic images of extracoronary (renal, iliac, or cerebrovascular) arteries were reviewed in detail by 2 experienced specialists for changes of FMD. Only patients with confirmed multifocal FMD changes in at least 1 extracoronary vascular bed were included in this study (Figure 1 ). Extracoronary angiographic features of minor arterial wall irregularities, focal stenosis, ectasia, aneurysm, dissection, or tortuosity were recorded because they may represent changes of FMD, but these findings alone did not qualify for inclusion in this study.
The coronary angiograms were reviewed in detail by 2 experienced angiographers for the appearance of suspected structural changes of arterial wall architecture caused by CFMD in nondissected segments. On the basis of our prior experience from review of multiple coronary angiograms in patients with FMD in noncoronary vascular beds, a number of coronary angiographic features consistent with FMD changes in other arterial beds were identified and sought in this cohort (Table 1) . These CFMD changes consisted of the following: (1) irregular stenosis, that is, stenosis with irregular borders of any severity (mild, <40%; moderate, 40%-69%; severe, ≥70%) and length (band-like; focal-tubular, <20 mm; or diffuse, ≥20 mm), that may or may not have concomitant systolic accentuation (presence of irregular stenosis during diastole that is further exaggerated during ventricular systole); (2) smooth stenosis (similar to focal changes), that is, stenosis with smooth borders of any severity (mild, <40%; moderate, 40%-69%; severe, ≥70%) and length (focal-tubular, <20 mm; diffuse, ≥20 mm); (3) arterial enlargement, that is, dilatation with segmental or diffuse vessel enlargement up to 1.5 times larger than adjacent normal coronary artery or ectasia with segmental or diffuse enlargement >1.5 times larger than adjacent normal coronary artery; and (4) arterial tortuosity, that is, mild tortuosity with the presence of ≥3 consecutive bends ≥45° in an epicardial artery with ≥2-mm diameter at end diastole, 14 moderate tortuosity with ≥3 consecutive bends ≥90° at end diastole, 15 and severe tortuosity with ≥2 consecutive bends ≥180° at any cardiac cycle. 16 These features give a "corkscrew" appearance to the artery. Although SCAD segments were excluded from the above evaluations, we described these SCAD segments separately according to our previously described SCAD angiographic classification. 17 The coronary artery segment involved was defined by the Bypass Angioplasty Revascularization Investigation classification. 18 The coronary artery stenosis severity was assessed by visual estimation, which may give greater stenosis severity compared with quantitative coronary analysis. Intracoronary nitroglycerin (100-200 μm) was routinely administered before coronary angiography, and lesions related to coronary vasospasm were excluded.
Intracoronary imaging with OCT was performed at the discretion of the attending physician in a subset of patients to clarify the cause of the coronary abnormalities. These OCT images were reviewed in detail, and consensus was obtained from 2 imaging specialists. Patients with atherosclerotic changes found on OCT were excluded. Segments of SCAD were excluded from review; however, adjacent coronary arteries ≥5 mm away from the dissected segments were reviewed. The vessel wall intimal, medial, and adventitial layers were reviewed for the architectural changes that we previously described, 19 including abnormal thickening, cellularity, elastic membrane integrity, and cavitation.
Statistical Analysis
Baseline continuous variables were shown as mean±SD, and baseline categorical variables were shown as counts and percentages. Statistical analyses were performed with the SPSS software (IBM SPSS version 23, Armonk, NY).
Results
We report 32 patients who underwent coronary angiography between May 2010 and June 2015 at Vancouver General Hospital who were found to have nonatherosclerotic coronary angiographic abnormalities that were consistent with CFMD and to have extracoronary FMD. The average age was 59.4±9.9 years, and 28 (88%) were women. Baseline characteristics are shown in Table 2 . Nineteen patients presented with myocardial infarctions, of which 13 were attributable to SCAD, and 6 patients had troponin elevation without severe obstructive epicardial coronary disease. The remaining 13 patients underwent angiography for stable chest pain symptoms, of whom 8 had atypical chest pains. Multifocal FMD changes were observed in the renal arteries in 28 of 32 (88%), the iliac arteries in 17 of 32 (53%), and the cerebrovascular arteries in 13 of 32 (41%).
The majority of patients (30 of 32) had >1 coronary artery abnormality ( Table 3 ). The most common coronary artery abnormality observed was tortuosity, which was present in at least a mild degree in all 32 patients. Three patients (9%) had mild tortuosity (Figure 2A ), 18 (56%) had moderate tortuosity ( Figure 2B ), and 11 (34%) had severe tortuosity ( Figure 2C ).
There were also 12 patients (41%) with 360° loops ( Figure 2D ) in tortuous arteries, which were recorded separately from the severity of tortuosity.
The second most common coronary abnormality was irregular stenosis, observed in 19 of 32 (59%), of which 15 (47%) were diffuse (8 mild and 7 moderately irregular stenoses; Figure 3A ), 2 (6.3%) were focal-tubular (1 mild, 1 moderate; Figure 3B ), and 2 (6%) were band-like ( Figure 3C and Table 3 ). Systolic accentuation of the irregular stenosis was observed in 5 patients (16%), all of whom also had stenosis present in diastole ( Figure 3D ). Smooth stenosis was observed in 6 patients (19%), with 1 (3%) being diffuse ( Figure 3E ) and 5 (16%) being focal-tubular ( Figure 3F ). When irregular stenosis and smooth stenosis (not caused by SCAD) were combined, there were 16 patients (50%) with diffuse stenosis and 9 (28%) with band or focal-tubular stenosis.
Arterial enlargement was also common, observed in 18 patients (56%), with the majority having mild dilatation ≤1.5 times the adjacent coronary artery segments ( Figure 4A and 4B). These often appeared as a diffuse multisegmental vessel enlargement that was enhanced by intracoronary nitroglycerin (only of the dilated segment). Ectasia with enlargement >1.5 times the adjacent coronary segment was much less frequent ( Figure 4C) . SCAD was present in 13 of 32 patients (41%), with 16 dissected arteries. The most common appearance was type 2 (diffuse smooth narrowing), which involved 10 of 16 with SCAD (63%). Three lesions were type 1, and 3 were type 3 (with proven intramural hematoma on OCT imaging). Of these 13 SCAD patients, 8 dissections occurred in vessels categorized as tortuous. We included only 2 dissected arteries with angiographic abnormalities of stenosis or dilatation, but both included segments were proximal to the dissected segments.
Intracoronary imaging with OCT of the nondissected segment was performed in 15 cases (13 in nondissected arteries). Only 2 of 15 OCT studies performed in a SCAD artery were included, but the analyzed segments (both not showing intramural hematoma or double lumen) were remote from the dissected segments: The first was >15 mm proximal to the dissected segment, and the second was >80 mm proximal to the dissected segment. Several abnormalities not typically observed with atherosclerosis were seen that may be related to CFMD. Imaging of smooth stenosis, irregular stenosis, band-like lesion, and dilatation/ectasia arterial abnormalities were available (Table 4) . There were myriad abnormalities throughout all 3 arterial layers, with disorganized vessel wall architecture. In stenotic lesions, there were multiple areas of patchy or diffuse intimal, medial, or adventitial thickening that had a predominant high reflectivity (bright areas), low reflectivity (dark areas), intermediate reflectivity, or a mixture of reflectivity (inhomogeneous). The highly reflective areas occasionally had macrophage infiltrates that appeared very bright (high reflectivity) and highly attenuating (shadowing the outer arterial segments). 20 This disorganized architecture also included areas of fragmentation, duplication, or loss of elastic lamina (membrane). In band-like lesions, thick stenotic web involving the intima-media was observed, with some macrophage infiltration. Similar changes to stenotic lesions were also seen in dilated/ectatic vessels, with additional findings of cavitation in the media in markedly ectatic segments.
Discussion
This is the first case series describing the angiographic appearance suggestive of CFMD in patients with concomitant, extracoronary, multifocal FMD. In this cohort, the most common coronary angiographic abnormality was arterial tortuosity (corkscrew appearance), which was present in at least a mild degree in all patients, and ≈90% had at least moderate or severe tortuosity. Irregular stenosis of varying lengths (≈60%) and diffuse/segmental arterial enlargement (≈56%) were also commonly observed in this cohort. Smooth stenosis was less commonly observed. These angiographic abnormalities were Figure 3F )
Proximal and mid LAD
Thick intima-media with high reflectivity and deeper area of low reflectivity (arrow) possibly representing proteoglycan or hyperplasia ( Figure 5A ).
Smooth tubular mild stenosis Mid LAD Inhomogeneous high-reflectivity thick media (arrow) and adventitia with macrophages (dashed arrow;
Figure 5B).
Irregular diffuse mild stenosis, systolic accentuation
Mid LAD Thickened intima-media with high-reflectivity intima and low-reflectivity media (arrow). Patchy adventitial low reflectivity infiltrate (dashed arrows). Irregular lumen in longitudinal view ( Figure 5C ). Proximal and mid LAD Thick inhomogeneous-reflectivity (arrow) intima-media; patchy segments of elastic lamina duplication (dashed arrows) and lamina loss ( Figure 5E ). Areas of macrophage infiltration, calcium pockets, lowreflectivity media.
Band-like focal severe stenosis ( Figure 3C ) Ramus Lesion length ≈2 mm, inhomogeneous predominantly low-reflectivity stenotic web (arrow) with macrophage infiltrates (dashed arrow; Figure 5F ).
Irregular diffuse moderate stenosis, systolic accentuation ( Figure 3A and 3D)
Mid to distal LAD Pronounced diffuse adventitial thickening with intermediate reflectivity (arrow) between the external elastic lamina and epicardial tissue (Saturn ring appearance) and patchy loss of internal and external elastic laminas (dashed arrow). Patchy low-reflectivity infiltrates and medial thickening ( Figure 5G ). Figure 5H ).
Irregular diffuse mild stenosis Mid to distal LAD Patchy adventitial thickening with high reflectivity (arrow). Irregular lumen in longitudinal view (

Irregular diffuse moderate stenosis
Proximal LAD Thick inhomogeneous intima-media (arrow) with high reflectivity and macrophage infiltration (dashed arrow) of inner layer, lower-reflectivity outer layer. Irregular lumen on longitudinal view ( Figure 5I ).
Mid to distal LAD Thickening of intima, media, and adventitia. Duplication of elastic membranes (arrow). Areas of thick highly reflective intima and loss of elastic membranes ( Figure 5J ).
Mid LAD Diffuse adventitial thickening with intermediate reflectivity (arrow) and other areas of low reflectivity infiltrate ( Figure 5K ).
Dilatation and irregular tubular mild stenosis
Proximal LAD Intima thickening (high reflectivity) and adventitial thickening (low reflectivity; arrow). Other areas of macrophage infiltration of intima-media and duplication of elastic lamina ( Figure 5L ).
Dilatation
Mid circumflex Intima-media thickening (arrow), patchy duplication, and loss of external elastic lamina (dashed arrows; ( Figure 5M ).
Ectasia and band ( Figure 4C ) Proximal and distal RCA Band: inhomogeneous-reflectivity thickening of intima-media-adventitia (arrows) with bright inner layer and darker media ( Figure 5N ). Ectasia: marked cavitation in medial layer (arrow), some thickening of intimamedia ( Figure 5P ).
Dilatation ( Figure 4A ) Proximal LAD and RCA Thick high-reflectivity (fibrotic) intima with patchy calcification and macrophage infiltration. Low-reflectivity adventitial thickening (dashed arrow; Figure 5Q ). Inhomogeneous-reflectivity intima-media thickening with neovascularization (arrows; Figure 5R ).
CFMD indicates coronary fibromuscular dysplasia; LAD, left anterior descending artery; OCT, optical coherence tomography; and RCA, right coronary artery. remote from dissected segments, which was present in ≈40% of this cohort. CFMD was previously reported to be rare. However, our recent discovery of a dominant association between SCAD and extracoronary FMD strongly suggested that underlying coronary involvement with FMD predisposed these patients to dissection of their coronary arteries. [8] [9] [10] Furthermore, this high frequency of association also implied that coronary FMD was more frequent than previously believed. However, the angiographic diagnosis of CFMD had been elusive, Figure 5 . Optical coherence tomography images of angiographic coronary fibromuscular dysplasia abnormalities (see Table 4 for description). Moreover, other features such as tortuosity, smooth or irregular stenosis, and vessel enlargement may be observed in non-FMD-related conditions (eg, hypertension, atherosclerosis); therefore, these features are typically dismissed on coronary angiography when observed in patients with FMD. It is also possible that patients with CFMD may have microvascular dysfunction in the presence of normal epicardial arteries, but this remains speculative. Thus, the true prevalence of CFMD is unknown.
There are only <20 published autopsy cases of epicardial CFMD to date. [11] [12] [13] [22] [23] [24] [25] It is important to review the normal epicardial coronary arterial architecture to better understand the disruption caused by FMD. In normal coronary arteries, the intima consists of an inner layer of endothelial cells and a subendothelial layer of connective tissue and smooth muscle cells. The media consists of multiple circumferential smooth muscle cells layers embedded in connective tissue (collagen, elastic fibers, proteoglycans). The adventitia consists of relatively loose fibrous tissue (collagen and elastic fibers) surrounded by vasa vasorum, nerves, and lymphatic vessels. The intima is separated from the media by the internal elastic lamina (fenestrated elastic tissue), and the media is separated from the adventitia by the external elastic lamina (interrupted elastic layers). 26 With CFMD, there is dysplasia and disorganization/destruction of cells (eg, smooth muscle cells, fibroblasts) and connective tissue matrix (eg, collagen, elastic fibers, proteoglycan) that can affect any of the 3 arterial layers and both elastic laminas.
We previously described intracoronary imaging findings with OCT and intravascular ultrasound in 3 patients that could correspond to these CFMD histopathological abnormalities. 19 In this present, much larger cohort, we presented OCT findings of coronary angiographic abnormalities suggestive of CFMD that may be compatible with CFMD histopathological changes. In these 15 patients with FMD with coronary angiographic abnormalities, there were corresponding, markedly abnormal OCT changes suggestive of CFMD. In smooth or irregular stenotic lesions, there was myriad patchy or diffuse thickening of the intima, media, or adventitia, as well as disruption of the elastic lamina. The thickened arterial walls had different reflectivity that may have depended on the cellular/ matrix content. These could have predominantly high reflectivity (possibly representing fibrous or collagenous matrix deposition), low reflectivity (possibly representing hyperplasia of smooth muscles or accumulation of proteoglycan-like matrix), intermediate reflectivity (possibly representing a mixture of connective tissue and fibromuscular hyperplasia, or predominantly loose connective tissue, eg, collagen), or inhomogeneous reflectivity (varying reflectivity in thickened segments).
We observed areas of intimal thickening with high reflectivity (probably fibrotic) areas ( Figure 5E ), sometimes containing macrophages ( Figure 5E ) and often with a darker, deeper layer of low reflectivity (possibly hyperplasia) that may be confluent with the media (with loss of internal elastic lamina; Figure 5M ). We observed various abnormalities in the media, including thickened low reflectivity layer (possibly hyperplasia) that may or may not be confluent with the intima (intima-media thickening with loss of elastic lamina; Figure 5C ), thick inhomogeneous reflectivity ( Figure 5B ), low-reflectivity infiltrates (possibly proteoglycan-like; Figure 5A ), frequent loss of elastic membranes ( Figure 5B , 5C, and 5E-5G), and even cavitation ( Figure 5P ) in dilated/ ectatic areas. In the adventitia, we observed patchy or diffuse Figure 5D , 5G, and 5K) in a Saturn ring-like configuration, irregular areas of low-reflectivity infiltrates (possibly proteoglycan-like; (Figure 5D , 5L, and 5Q), and areas of high reflectivity (probably highly Figure 5H ). We observed many areas of disrupted elastic membranes, with patchy duplication (Figure 5E and 5J) and loss of lamina ( Figure 5B , 5C, and 5E-5G). We also observed neovascularization with vasa vasorum in the media ( Figure 5R ) and adventitia ( Figure 5D ). We highlighted in Figure 6 the key unique OCT features observed in these patients with CFMD, showing marked adventitial thickening in a Saturn ring configuration ( Figure 6A ), duplication or loss of elastic lamina ( Figure 6A ), low-reflectivity infiltrate ( Figure 6B ), and vessel wall cavitation ( Figure 6C and 6D) . These changes are all compatible with the histopathological descriptions previously reported for CFMD.
The coronary angiographic abnormalities observed in this cohort of patients with FMD (Table 3) were similar to angiographic FMD abnormalities described in extracoronary vascular beds. Focal band-like lesions were observed in the coronary arteries but were quite rare, and OCT showed changes suggestive of fibromuscular web. The feature of systolic accentuation of the irregular pattern in a proportion of these patients was unique and of unknown cause. Smooth stenosis appeared to be less frequent than irregular stenosis. The observed coronary artery dilatation and tortuosity were similar to those described with extracoronary FMD arteries, which are both quite common features of FMD. 5 Likewise, arterial dissection is a known complication of FMD as a result of weakening of the arterial wall architecture. Thus, these potential coronary angiographic manifestations of FMD are not all novel but are generally overlooked in the coronary angiograms of patients with FMD. Other case examples of CFMD in younger individuals are illustrated in Figures 7 and 8 .
The recent article by Michelis et al 7 provided an overview on the potential clinical manifestations (symptomatic, angiographic) and management of patients with suspected CFMD. However, there was a heavy emphasis on SCAD as the key manifestation of CFMD in this review. Indeed, 3 of the 5 angiographic features that they proposed actually described SCAD angiographic changes (except for vasospasm and tortuosity). However, from our large prospective cohort of SCAD patients, 10 we recognize that there are numerous predisposing arteriopathies and precipitating stressors for SCAD. Therefore, SCAD is not specific for or synonymous with CFMD. Likewise, not all CFMD arteries will dissect but may result in atypical or typical angina or cause myocardial infarction unrelated to dissection (eg, erosion, microvascular dysfunction). Here, we aimed to describe the coronary angiographic appearance of nondissected CFMD and its frequency in a small cohort. We excluded vasospasm because it is a transient abnormality and may have various causes. The common finding of coronary dilatation in our cohort is novel and has not previously been described for CFMD. In addition, we observed that moderate to severe tortuosity and irregular stenosis were very frequent in this cohort. Our observations were supported by OCT findings in about half of this cohort, with myriad arterial architectural structural changes that are novel and often not observed with atherosclerosis. Recognizing these angiographic and intracoronary features of CFMD could help clinicians improve the diagnosis of CFMD and better understand the potential link to SCAD and other symptomatic presentations in patients with FMD. Future prospective studies evaluating such features may help risk stratify the predisposition to SCAD in patients with FMD.
Limitations
This is a small case series of patients with multifocal FMD, and not all patients underwent intracoronary imaging. Many of the observed angiographic abnormalities are nonspecific and were not interrogated by OCT and thus may be attributable to other causes of coronary artery disease unrelated to CFMD. Furthermore, we do not have correlation of these angiographic and OCT findings to histopathology because all patients remained alive. Therefore, we do not have histopathological proof that these observed angiographic and OCT manifestations are attributable to CFMD; they may be caused by other coronary arterial abnormalities.
Conclusions
This is the first case series describing angiographic manifestations suggestive of CFMD and with many corresponding OCT findings compatible with CFMD in a group of patients with confirmed extracoronary multifocal FMD. Larger confirmatory studies with detailed coronary angiographic review for these features in patients with extracoronary FMD should be performed.
